Abstract-Space-based synthetic aperture radar (SAR) can be affected by the ionosphere, particularly at L-band and below. A technique is described that exploits the reduction in SAR image contrast to measure the strength of ionospheric turbulence parameter C k L. The theory describing the effect of the ionosphere on the SAR point spread function (PSF) and the consequent effect on clutter is reviewed and extended. This theory can then be used to determine C k L from both corner reflectors (CRs) and K-distributed SAR clutter. Measuring the K-distribution order parameter allows C k L values much lower than those that defocus the image to be determined. The results of an experiment in which a CR on Ascension Island was repeatedly imaged by PALSAR-2 in the spotlight mode during the scintillation season are described. The value of C k L obtained by measuring the clutter was compared with that obtained from a nearby CR. The correlation between the two was good using a median value of the spectral index p. This correlation was improved by using the measured value of p derived from the CR PSF. The technique works for any homogeneous K-distributed SAR clutter and is thus applicable to extra-terrestrial bodies as well as PALSAR-2 images of Ascension Island.
I. INTRODUCTION A. Background
T HE ionosphere has a number of effects on a spacebased synthetic aperture radar (SAR) operating at L-band and lower frequencies, such as Faraday rotation [1] , [2] , image geometric distortion [3] , phase shift and defocusing [4] , amplitude modulation [5] , [6] , and loss of contrast [7] .
Previous work [8] has shown that the primary effect of phase scintillation is to induce an along-track point spread function (PSF) that is dependent on the scintillation parameters. Two of the most important are C k L, the integrated strength of ionospheric turbulence at 1-km scale size, and p, the spectral index of the ionospheric phase screen.
Measurement of the PSF therefore allows both of these parameters to be determined directly from the PSF [9] . Comparison of this method of measuring C k L with a more conventional method using GPS receivers shows that the two are strongly correlated [10] . The main limitation in the comparison is the differing time and spatial scales of GPS spectra and SAR apertures [10] . Using the PSF to measure C k L is, however, only possible in locations where there are corner reflectors (CRs). This is a severe restriction and consequently measuring C k L using only clutter is desirable.
The effect of this ionosphere-induced PSF is to reduce the image contrast, an effect that occurs at C k L values that are much lower than those that will defocus the image. For SAR clutter that is K-distributed, this loss of contrast is more appropriately described by a rise in the K-distribution order parameter, which is a more accurate measure. It can be shown that the rise in the order parameter is directly proportional to C k L using both theory and simulations [7] . Thus, by measuring the rise in the order parameter, C k L can be determined. This forms the basis for the technique described and tested in this paper.
The order parameter value is a property of the terrain and clutter type, and varies from one location to another [11] . It is therefore not possible to measure the rise in the order parameter using only one SAR image. However, measuring the order parameter of two SAR images of the same place, one with ionospheric effects, and one without, allows the rise in the order parameter due to the ionosphere to be determined.
An experiment has been conducted that repeatedly imaged Ascension Island using PALSAR-2 [12] in the spotlight mode at high resolution (1 m) during the scintillation season [9] . The imagery from this experiment provides an excellent test of this method, since the imagery includes both CRs and clutter.
In the following section, the theory of ionospheric effects on the PSF and clutter is reviewed and then extended to cover all synthetic aperture lengths and all values of p. In Section III, the comparison between the clutter and CR methods are described and applied to the experimental PALSAR-2 data. Finally, conclusions are drawn in Section IV.
II. THEORY A. Point Spread Function
Turbulence in the ionosphere causes irregularities in electron density, which in turn causes fluctuations in the phase of a radar signal passing through it. These fluctuations, known as scintillation, can be related to the turbulence of the irregularities using weak scattering theory [13] . The phase scintillation raises the level of along-track sidelobes, and if severe enough, cause defocusing. For an L-band SAR, such as PALSAR-2, ionospheric effects are often observed, but complete defocusing is very rare.
The phase fluctuations, although random, have a spectrum that is characteristic of the turbulent conditions in the ionosphere. The phase power spectrum can also be related to the shape of the SAR sidelobes [8] . Although the sidelobes This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ are random, their ensemble average shape can be described by a PSF. The ionospherically disturbed PSF is equal to the mainlobe (given by the Fourier transform of the amplitude weighting) plus the sidelobes. Provided that the amplitude weighting is chosen to produce a delta-like PSF in the absence of scintillation, these sidelobes will be dominated by the phase power spectrum and hence will be characteristic of the ionospheric turbulence. The sidelobe function (SLF) due to scintillation is given by [7] |η(r
where | | 2 denotes the ensemble average intensity, T SLF is the turbulence of the sidelobes (and can be related to many other ionospheric parameters), r / is the along track resolution cell and p is the ionospheric phase screen spectral index. The parameter r 0 = L SA /γ l 0 is the ratio of the synthetic aperture length L SA to the ionospheric outer scale size l 0 scaled by γ , the velocity ratio of the satellite to the effective velocity of the ray path in the phase screen. In general, r 0 can be determined from the imaging geometry and resolution using the method of Belcher and Cannon [5] to determine γ , but T SLF and p are properties of the ionosphere which vary from one imaging pass to the next.
Note that in the above, the center of the mainlobe occurs at r / = 0. It is often convenient to redefine the center of the mainlobe to be at r = 1 and use the fact that |η(r / )| 2 is an even function so that measurements of |η(r)| 2 can be plotted as a function of log r . (Hence resolution cell r = |r / | + 1.)
The value of T SLF is given by [7] T SLF = 4γ κ
where κ C = 2πγ /L S A , G is a geometric enhancement factor that is unity in an isotropic ionosphere, θ is the incidence angle to the ionosphere, r e is the classical electron radius, λ 0 is the wavelength at the radar center frequency, κ 1km = 2π/1000, and C k L is the integrated strength of ionospheric turbulence at 1-km scale size. The effect of raised sidelobes on a point target, such as a CR is most visible when both the resolution and radar cross section (RCS) of the target are high. An example of a PSF that has been disturbed by the ionosphere is shown in Fig. 1 . This PSF is from a 47-dBm 2 CR on Ascension Island imaged with PALSAR-2 at 1-m resolution [9] : the left and right halves of the PSF have been averaged to produce a single-sided plot. The ensemble average shape of the sidelobes (SLF) has been fitted to the measured CR, from which a value of T SLF and p can be obtained.
Given a measurement of T SLF and p, (2) can be used to determine C k L, since all the other parameters can either be determined from the geometry or estimated from a climatological model such as WBMOD [14] . Thus, given a measurement of p and T SLF , the value of C k L can be measured, as shown in Fig. 1 . 
B. Correlated K-Distributed Clutter
One of the simplest and most effective models of radar clutter is the correlated K-distributed model [11] , [15] , [16] . In this model, the observed clutter results from the product of the underlying radar cross section (which is generally correlated over a few resolution cells) with uncorrelated complex Gaussian speckle. The underlying cross section is assumed to be gamma-distributed in intensity, so that when combined with the speckle, the image statistics have a K-distributed intensity. The K-distribution is an excellent fit to natural clutter [16] and has just two parameters, the mean μ and order parameter ν.
The order parameter ν can be estimated using natural logs via [17] 
where each pixel is of intensity I . The effect of raised sidelobes is to add random complex Gaussian noise to the image. Thus the speckle, which is nominally of unit variance, increases. The total power in the sidelobes, as measured by the variance, is
Convolving the image that would have been obtained in the absence of ionospheric disturbance with the ionospherically induced PSF therefore increases the speckle variance to 1 + σ 2 SLF . The mainlobe power is reduced by the leakage into the sidelobes, so the effective mean of the underlying cross section is also reduced by the same amount.
At the same time, the variation in the underlying cross section is smoothed out by the PSF. The PSF effectively adds together samples of the gamma-distributed cross section (which is correlated over l r resolution cells) by an amount that depends on the sidelobe shape. The addition of independent gamma-distributed samples does not affect the mean, but increases the order parameter in proportion to the effective number of independent samples. The ionospherically disturbed order parameter ν d is therefore given by [7] When the increase in the speckle power and increase in the order parameter of the underlying gamma-distributed cross section are combined in the product model, it is found that the statistics remain K-distributed, but with order parameter ν d and unchanged mean [7] .
An example of the effect of the ionosphere on the clutter probability density function (pdf) is shown in Fig. 2 using experimental data from part of a PALSAR-2 image of the west side of Ascension Island. The undisturbed image was obtained on August 18, 2014, before the start of the scintillation season, and the disturbed image was obtained on October 27, 2014. Details of the experiment are given in Section III.
As can be seen, the K-distribution is a good fit to the experimental data, the deviations in the intensity of the undisturbed clutter from the fit is almost certainly the result of some inhomogeneity in the image. The increasingly noisy histogram at the higher intensities is due to the limited number of high intensity pixels for a small image size. The ionospheric disturbance has increased the order parameter from 1.30 to 6.57, and has actually reduced the deviation from the K-distribution, probably due to the smoothing effect of the PSF. It is clear that the pdf remains K-distributed after ionospheric disturbance, but with a higher order parameter as predicted [7] .
The correlation distance in resolution cells l r relates to the correlation of the underlying terrain, not the speckle, and can be obtained from the intensity autocorrelation function (ACF) [7] , [11] . Measuring the order parameter ratio between an ionospherically disturbed and undisturbed SAR image, therefore, allows the value of σ 2 SLF to be estimated. This process will obviously be more accurate if both ν and l r are small: if either is infinite (pure speckle) the effect cannot be detected and σ 2 SLF cannot be measured. Since larger resolution cells have more scatterers in them, larger resolutions tend to be closer to negative-exponentially distributed speckle and therefore have both large order parameters and large correlation lengths. Thus for the most accurate measurements of σ 2 SLF high-resolution imagery is required.
The total power in the sidelobes is given by the integral over the double-sided SLF. The finite length of the SLF is N SA , the number of independent samples in the synthetic aperture. The total sidelobe power is therefore
This integral has no exact analytic solution, but by making appropriate approximations, a good solution can be found. For example, N SA r 0 and N SA can usually be considered infinite.
When r 0 1 (or equivalently when L SA γ l 0 ) then the square root term may be approximated by r − p and
When r 0 is not sufficiently small that it can be neglected, the total sidelobe power can be expressed as
This integral also cannot be solved, except when r 0 1 (or equivalently L SA γ l 0 ) so that the terms inside the square root can be approximated to r 2 0 + r 2 , in which case
These two cases, the large r 0 and small r 0 case, may be combined into a single equation. Substituting for the value of T SLF (2) then, in both cases the total sidelobe power may be expressed as
where c p is a parameter that depends only on p, typical values for which are 1 ≤ p < 4, corresponding to 1 ≥ c p > 0.4. The value of c p and L km depend on the relative lengths of the synthetic aperture and the effective outer scale γ l 0 , as follows:
The value of σ 2 SLF from both the large and small r 0 approximations are exactly equal for p = 2 when L SA = π 2 γ l 0 and, for p = 3, when L SA = √ 2γ l 0 . In practice, for the median p, the breakpoint occurs at r 0 ≈ 1.5. Thus (10) represents a good solution to the integral (6) provided that below this point, L km is equal to L SA_km , and above it by limiting L km to γ l 0 km . At this point, L km no longer depends on the synthetic aperture length, and σ 2 SLF is therefore independent of the resolution. In the special case of p → 1, the sidelobe integral (10) tends to infinity, but in reality the finite length of the PSF comes back into play and (6) must be used with p = 1. Performing this integration also results in (10) but with the ( p −1) −1 term limited to be no greater than ln N SA − ln(1+(r 2 0 + 1) 1/2 ). Thus for a typical N SA = 10 000, and r 0 = 3, this is equivalent to limiting p > 1.128 in the ( p − 1) −1 term. Values of p < 1 are nonphysical and do not occur in the ionosphere. All the parameters in (10) are known, or can be estimated from WBMOD [14] , except C k L and p, so measureing σ 2 SLF and p allows C k L to be determined. Unfortunately, the value of p cannot currently be estimated from the clutter, so the median value of p = 2.5 has to be used.
For the experimental PALSAR-2 data used in this paper, the value of r 0 is between 1 and 6, so c p = 1 and L km = γ l 0 /1000. The sensitivity of (10) to an assumed median value can be estimated using values of p = 2 and p = 4, for a typical value of L km ≈ 10γ . This results in a log 10 C k L error ∼1.5, which, although significant is useful given the large dynamic range of C k L. Since the overwhelming majority of p values lie between 2 and 3 [18] , the typical error will be less than this.
Although the value of p cannot currently be determined from the image intensity, by substituting the PSF h(r ) = δ(r ) + η(r ) into the form of the intensity ACF derived in [11] and evaluating the integrals, and neglecting the products of two sidelobe intensity terms, it is possible to reexpresss the ACF as the sum of two spatially invariant double convolutions [7] , [19] . By taking the Fourier transform of the result, it can be shown that the spectrum of SAR image intensity is approximately equal to the spectrum of the speckle intensity plus the spectrum of PSF intensity divided by the order parameter, plus the spectrum of the underlying cross section multiplied by the spectrum of |h(r )| 2 also divided by the order parameter. This offers the possibility of determining p from the clutter intensity image, but is beyond the scope of this paper.
III. EXPERIMENTAL DATA

A. Experiment Description
The design and conduct of the experiment are described in detail in [9] . The experiment essentially involved repeatedly imaging two CRs on Ascension Island using PALSAR-2 [12] in the spotlight mode. The island is located in the mid-Atlantic under the ionospheric equatorial anomaly.
One CR was located on the east side of the island and looked east, and the other was located on the western side of the island and looked west, thus allowing imaging from either direction. Since the CR RCS was approximately 47 dBm 2 , and the resolution in the along-track direction was 1 m, the PSF can be very accurately measured.
During the scintillation season from September 2014 to March 2015, a total of 76 images were collected. Many of the collected images showed the effects of scintillation, and by fitting the theoretical shape of the PSF to the measured PSF, the values of T SLF and p were determined. Since T SLF can be directly related to C k L using (2), this allowed the value of C k L to be measured [9] , [10] .
Ascension Island experiences little seasonal variation in weather, being located just 8°south of the equator. The terrain was therefore assumed to be temporally invariant during the experiment. Provided that homogeneous areas were selected, this terrain was found to be a very good fit to the K-distribution model described above. This allows the order parameter to be accurately determined, and by selecting scintillation free days as a reference, the order parameter ratio, and hence σ 2 SLF , can be calculated.
B. Clutter Area Selection
Three areas of homogeneous terrain were selected, one near the west-CR, one near the east-CR, and one in the center of the island. The locations of these homogeneous areas on Ascension Island are shown in Fig. 3 by circles and the trihedral CRs by the triangles.
In this context, homogeneous terrain means an image area that can be completely represented by: 1) stationary single point statistics, comprised of a single K-distribution and 2) a constant spatially invariant ACF. Examples of such terrain can include natural rainforest or regularly spaced orchards, but not their boundary edges or changes in tree spacing. On Ascension the terrain is largely volcanic mixed with thorn bushes. Fig. 4 shows the west area of Ascension Island imaged with PALSAR-2 before the start of the scintillation season. The distinctive "+" shape of the CR can be seen at the top, horizontally centered, and the clutter area is shown by the box. This area is relatively homogeneous, but not perfectly so.
The clutter areas selected were all of size 200 by 200 resolution cells. The sampling rate was doubled in the alongtrack direction using a zero-padded Fourier transform of the complex data, so that the intensity image remained Nyquist sampled. The location of the three clutter areas and their relative distance from the CRs are shown in Table I . Each area was extracted from the full image using its position relative to the CR, which ensures that the same area of ground can be compared.
The size of the clutter area on the ground changes with incidence angle since the range resolution relates to slant Fig. 5 , the range direction being horizontal. As can be seen, the effect of the ionosphere is to reduce the contrast of the image and smooth out the underlying cross section.
C. Comparison of Clutter and CR Measures of σ 2
SLF
The characteristics of the clutter (such as the order parameter and correlation length) are strongly dependent on the incidence angle. Thus to determine the order parameter ratio, two images of the same area obtained from the same satellite position are required. The undisturbed image of the pair was selected as the one having the lowest average order parameter, the assumption being that this is the undisturbed image.
Images for which the measured p > 5 have ionospheric effects that are too small to be measured and were therefore excluded from the set of disturbed images. It was also found that images with incidence angles of less than 30°did not produce good results. This was probably due to the much reduced CR RCS and much higher clutter, making accurate measurement of the CR sidelobes difficult. These images were therefore also excluded from the analysis.
The correlation length l r was measured by fitting the theoretical shape [7] , [11] to the ACF. The ACF region between 2.5 and 10 resolution cells was used for the fitting, to avoid the mainlobe (<2.5) and noise effects (>10). Amplitude scintillation effects on the SAR imagery were not observed at Ascension Island and no correction for amplitude scintillation was applied [5] , [6] . Fig. 6 shows the comparison between the value of σ 2 SLF derived from the order parameter ratio (5) and that obtained Including the value of l r is important to ensure that the clutter measure does not underestimate σ 2 SLF . The intercept of Fig. 6 is within 0.5 dB of zero, which would not have been the case without including l r . In general, the correlation lengths l r are similar for the west-and central-clutter areas, but longer for the east-clutter area. As can be seen, the spread of values is slightly greater for the east-clutter area than the other two. Thus a shorter correlation length is desirable for accurate measurement of σ 2 SLF . 
D. Comparison of Clutter and CR Measures of C k L
The value of σ 2 SLF is not useful in itself, but can be used with (10) to derive C k L. The estimated values of G and γ can be determined from the irregularity elongation model [14] for Ascension Island, as described in [5] . An outer scale size of 10 km was assumed with this elongation model, the parameters of which are stable. Unfortunately, p is not stable, but varies considerably from pass to pass, and the median value of p = 2.5 has to be assumed. The results of comparing the value of C k L determined in this manner with those from the CR are shown in Fig. 7 .
As can be seen, the correlation between the two measures of C k L is good, but the clutter measure shows less variation than the CR measure. The effect of the lack of knowledge of p can be determined by using the value of p from the CR (the "correct" value of p) in the clutter calculation of C k L. This is shown in Fig. 8 .
The overall correlation in Fig. 8 between the two methods (clutter and CR) of deriving C k L is 0.95. The lowest correlation obtained, using only the east-clutter area, is 0.91. The slope of the fit between the two measures is 1, 0.83, and 0.72 for the west-, central-, and east-clutter areas, respectively.
If the results from the east-CR are removed from the data set, so that each clutter area always has the same distance from the remaining west-CR, the correlation improves. Furthermore, the closer the clutter area is to the west-CR, the better the correlation between the two measures of C k L. Thus the differences between the clutter and CR measures are probably due to the distance between the CR and clutter area. Unfortunately, there are not enough points to establish the reverse correlation for the east-CR, since it contributes less than 20% of the data points. This is consistent with other results [10] which show that C k L can vary over relatively small distances.
It is worth commenting that although knowledge of p produces a more accurate result (the correlation between the clutter and CR measures is better in Fig. 8 than Fig. 7) , the measure is still useful when the median value is used, as shown in Fig. 7 . This result is not unexpected since the overwhelming majority of p values are between 2 and 3 [18] , thus justifying the use of the median value of 2.5. However, an independent measure of p obviously improves the accuracy.
IV. CONCLUSION
The PALSAR-2 spotlight imagery of Ascension Island, collected during the scintillation season near the peak of the sun-spot cycle, has proved to be ideal for measuring scintillation effects on SAR. Using these data, it is possible to measure the effect of phase scintillation by measuring the K-distribution order parameter. By using a CR to measure C k L over almost the same temporal and spatial scale as that used to image the clutter, it is possible to verify the method. This shows that the order parameter ratio is a simple and effective means of determining the ionospheric turbulence.
The main limitation of determining C k L from the clutter is that the value of p is unknown and has to be determined by another method. The order parameter ratio method would obviously benefit from a measure of p from the clutter itself.
The value of C k L determined from the clutter is, on average, less than that determined from the CR when C k L is high. This may be due to the spatial variation of C k L since the size of the effect depends on the distance from the CR and is not obviously clutter texture dependent. The method appears to be robust, tolerating some inhomogeneity and continues to work under defocusing.
The total amount of noise introduced into the image by the ionospheric turbulence is proportional to σ 2 SLF and reducing this will be an important part of an autofocus technique. The criterion for an optimally focused SAR image is therefore that of minimum order parameter.
The order parameter ratio method can be applied to any SAR imagery that is K-distributed. Since Ascension Island is largely volcanic, this probably means that the technique can be applied to a number of other nonterrestrial bodies.
Although Ascension Island did include some vegetation growing amongst the regolith, the vegetation is sparse. The
technique has yet to be tested on a wider variety of terrain, such as rainforest, or on terrain that experiences strong seasonal variation.
The method is unlikely to work as well at lower resolution, since the order parameter will be higher [20] . The wider applicability of the technique therefore needs further investigation.
